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the angles and periodicities of the zig-zag patterns.11-12 
However, in the case of Al3+ no modulation was observed, 
so it was supposed to be homogenously distributed inside 
the wurtzite block.13 This structural feature and the 
distribution of these M3+ ions inside the MZnkOk+1+ (M/Zn-
O) wurtzite block have been profoundly investigated in the 
last years by different experimental techniques 9,10 and 
computational methods.14,15 A study carried on by 
Goldstein et al,16 using spherical aberration (Cs) corrected 
microscopy combined with density functional theory 
(DFT) calculations on IZO and indium iron zinc oxide 
(IFZO) nanowires, suggested that the origin of the zig-zag 
contrast was an inversion of the metal and oxygen 
positions facilitated by 5-coordinated In or Fe atoms. This 
model reveals that this defect runs along the {1-21 } planes 
of the wurtzite structure, where the value of  depends on 
the cation (In or Fe).
Other experimental techniques have been used in the 
study of the IMZO (M= Ga, Al) system. In this sense, Keller 
et al,17 from single crystal X-ray diffraction and convergent 
beam electron diffraction (CBED) on Zn4InGaO7, found 
that Ga3+ ions are in trigonal bipyramidal (TBP) sites in the 
wurtzite block, forming an equatorial plane at half distance 
between the InO6 octahedral layers to promote the 
inversion of the wurtzite structure. Narendranath et al18 
using Magic Angle Spinning Solid State Nuclear Magnetic 
Resonance (MAS NMR) of 71Ga and EXAFS, reported that 
Ga/Zn-O wurtzite blocks are formed by outer strata of ZnO 
and an inner layer of GaO/ZnO. According to their 
results, when k increases the Ga3+ coordination shifts from 
TBP to tetrahedral, probably because Ga2O3 has solubilized 
in ZnO (especially at high k values), and hence, has a 
wurtzite type structure with corner sharing tetrahedra.
IMZO (with M=Ga, Al) phases stand out due to their 
interesting properties for many optoelectronic and 
thermoelectric applications. For instance, Nomura et al19 
reported the outstanding carrier transport properties of 
InGaO3(ZnO)5 single crystal thin films. Préaud et al20 
studied the influence of k in the thermal conductivity of 
the InGaO3(ZnO)k homologous series. The values observed 
for InGaO3(ZnO)3 are significantly lower than the ones 
obtained for the binary oxides In2O3 and ZnO, and are even 
lower than the ones observed for the IZO series. Moreover, 
they found that the band gap monotonically decreases 
when k increases, contrary to the case of IZO 
compounds.2,5 Other noteworthy features of this system 
and, in particular, in the case of In2-xGaxO3(ZnO)m 
nanowires, are the improvement of the thermoelectric 
figure of merit by 2.5 orders of magnitude, in comparison 
to undoped ZnO nanowires, and the excellent sensitivity to 
ultraviolet light irradiation as photodetectors.21-23 In the 
case of Al3+ doping, Koir et al24 reported the improvement 
of the thermoelectric properties caused by the small 
addition of Al3+ in Zn5In2O8 ceramics. On the other hand, 
only few studies about the influence of In3+ substitution in 
the luminescent properties of IMZOs (M=Ga, Al) 
performed on microwires have been reported so far.25,26 
Photoluminescence (PL) studies for these materials 
revealed an intense band around 3.2 eV that could be 
attributed to near band edge emission and a weak emission 
band originated by oxygen vacancies. However, in the case 
of well-ordered single phase ceramics materials, no 
information has been reported yet. In this sense, it is worth 
elucidating the effect of the substitution of In3+ by Ga3+ and 
Al3+, specially their atomic distribution and the influence 
in their properties. These properties are strongly 
dependent on the structure of the selected material, and it 
has been proposed that the large anisotropy produced by 
the complex structure of ZnkInMOk+3 oxides can be behind 
their enhanced performance.27 Therefore, a deep 
knowledge of the structure is crucial for the rational 
optimization of their properties and the search for new 
applications.
In this paper, the synthesis of Ga3+ and Al3+ doped 
ZnkIn2Ok+3 is reported. For a better understanding of the 
influence of Ga3+ and Al3+ substitution in the In-(Ga/Al)-
Zn-O system, the Zn content, i.e., the k value, has been 
fixed for the composition Zn7In2-xMxO10 (M=Ga, Al). The 
structure-luminescent properties relationship has been 
extensively investigated after a careful chemical and 
structural characterization. The local structural variations 
caused by the replacement of In3+ by Al3+ and Ga3+, have 
been elucidated from the study of the first chemical 
environment of the dopants by Magic Angle Spinning Solid 
State Nuclear Magnetic Resonance (MAS-NMR) as well as 
from their direct chemical imaging within the wurtzite-
type lattice. In this sense, X-ray spectroscopy has been used 
for the acquisition of atomic chemical maps despite the 
technical advantages offered by electron energy loss 
spectroscopy (EELS) mapping because the energy 
proximity of the Zn-L2,3, Ga-L2,3 and Al-K lines prevents the 
precise analysis of the EELS signals. DFT calculations have 
been performed to confirm the different distribution of the 
dopants and the PL response of doped materials has been 
discussed.
EXPERIMENTAL SECTION
Powders of Zn7In2-xMxO10 (M=Ga, Al with x= 0.25, 0.5, 
0.75 and 1.0) were synthesized from ZnO (99.99% Sigma 
Aldrich), In2O3 (99.99% Sigma Aldrich), Ga2O3 (99.99% 
Sigma Aldrich) and Al2O3 (99.999% Strem Chemicals). 
Mixtures of the starting compounds in the stoichiometric 
ratio were thoroughly ground together in an agate mortar. 
Raw powders were treated at 1325 °C for 48-56 hours in air. 
Intermediate grindings every 24 hours were performed 
until a single phase was reached.
X-ray diffraction (XRD): XRD patterns were recorded 
using a PanalyticalXPert Pro Alpha-1 instrument, 
equipped with a primary fast XCelerator detector 
operating at 45 kV and 40 mA, and fitted with a primary 
curved Ge (111) monochromator in order to obtain Cu NW9 
radiation =X = 1.5406 Å). Data were collected at 2Y between 
5° and 70°, with a step size of 0.01° and a collection time of 
3 s/step. XRD data were analyzed using the software 
package FullProf
Magic Angle Spinning Solid State Nuclear Magnetic 
Resonance (MAS- NMR): 71Ga and 27Al solid-state NMR 
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spectra were recorded with a magnetic field of 9.4 T on a 
Bruker Avance 400 solid-state spectrometer 
(corresponding to the 27Al frequency of 104.26 MHz and to 
71Ga frequency of 122.02 MHz). The pulse widths were 4.0 
Z and 4.5 Z for 71Ga and 27Al, respectively, and the delay 
time was 5 seconds for both elements. The spinning speed 
was 12 kHz using 4.0 mm zirconia rotors. Due to the low 
sensitivity of the 71Ga nucleus, 2000 scans were collected. 
71Ga and 27Al spectra´s were referenced with respect to 
NH4Al(SO4)2 and Ga(NO3)3, respectively.
For electron microscopy observations, the samples thus 
prepared were crushed in an agate mortar, then 
ultrasonically dispersed in n-butanol and transferred to 
carbon coated copper grids. Selected area electron 
diffraction (SAED) and high-resolution transmission 
electron microscopy (HRTEM): SAED studies were carried 
out in a JEOL 2100HT electron microscope and HRTEM 
was performed in a JEOL JEM 3000F, fitted with a double-
tilting goniometer stage (±22°, ±22°). Scanning 
Transmission Electron Microscopy (STEM): Atomic 
resolution study was performed on a JEOL JEM-
GRANDARM 300F equipped with cold FEG and double Cs 
correctors operating at 300 kV with a CL aperture of 30 Z 
with beam current of 14.7 pA for Ga-doped sample and 31.6 
pA for the Al-doped one. High angle annular dark field 
(HAADF) images were recorded using a nominal camera 
length of 100 mm and inner and outer collection semi-
angles of 64 and 180 mrad, respectively. Bright field images 
were acquired at the same camera length, with collection 
semiangle of 15 mrad. Energy dispersive x-ray spectroscopy 
(EDS) experiments were acquired with two SSD detectors, 
both with an active area of 100 mm2. HAADF and annular 
bright field (ABF) images of Zn7InGaO10 along [010], were 
recorded in a JEOL JEM-ARM 200cF equipped with cold 
FEG operating at 200 kV using a nominal camera length of 
60 mm and inner and outer collection semi-angles of 68 
and 280 mrad and 11-22 mrad, respectively.
Density Functional Theory Calculations: All DFT 
calculations have been performed using the CRYSTAL 
program,28 in which the crystalline orbitals are expanded 
as a linear combination of atom-centered Gaussian 
orbitals, the basis set. Zn, O, Ga and Al ions are described 
using all-electron basis sets contracted as s(8) p(64111) 
d(41), s(8) p(411) d(1), s(8) p(64111) d(41), and s(8) p(621) 
d(1), respectively. For the In ion an effective core 
pseudopotential basis set has been used.29 Electronic 
exchange and correlation were approximated by using the 
screened 7-^0
^8 6 (HSE), which has been 
shown to correctly describe the fundamental band gaps 
and electronic structure of oxides.30,31 In order to meet the 
required chemical composition, the supercell (8 x 2 x 1) has 
been considered. Integration over the reciprocal space was 
carried out using Monkhorst-Pack (MP) meshes of 2 × 2 × 
2. The self-consistent field (SCF) algorithm was set to 
converge at the point at which the change in energy was 
less than 94^F Hartree per unit cell. The internal 
coordinates have been determined by minimization of the 
total energy within an iterative procedure based on the 
total energy gradient calculated with respect to the nuclear 
coordinates. Convergence was determined from the root-
mean-square (rms) and the absolute value of the largest 
component of the forces. The thresholds for the maximum 
and the rms forces (the maximum and the rms atomic 
displacements) have been set to 0.00045 and 0.00030 
(0.00180 and 0.0012) in atomic units. Geometry 
optimization was halted when all four conditions were 
simultaneously satisfied.
Photoluminescence (PL): PL temperature and emission 
maps were carried out by means of a FLS1000 
photoluminescence spectrometer equipped with a 450 W 
xenon arc lamp as excitation light source. A 395 nm high 
pass filter was used to eliminate any spurious light coming 
from the lamp. RT photoluminescence (PL) measurements 
at different excitation densities were also performed on a 
Horiba Jobin-Yvon LabRam HR800 confocal microscope 
with a 325 nm He-Cd laser as excitation source and a 
neutral filter (optical density 3) to vary the excitation 
density. All the spectra have been corrected to account for 
the system response and, in the former case, the emission 
spectrum of the Xe lamp.
RESULTS AND DISCUSSION
XRD patterns corresponding to the reference material 
Zn7In2O10, (hereafter referred as UD, undoped) can be 
indexed on the basis of a hexagonal unit cell with space 
group R-3m and refined lattice parameters a=3.31(1) Å and 
c=73.62(3) Å. All samples with composition Zn7In2-xMxO10 
=4aAa9? were obtained as single phases (SI Figure SI1a-b). 
From the XRD profiles, it can be observed that lattice 
parameters decrease as the Ga3+ and Al3+ content increases 
(Table I), due to their smaller ionic radii.8 It is worth 
emphasizing that the maximum amount of Ga or Al that 
can be introduced is x=1. The addition of more Ga2O3 or 
Al2O3 provokes the appearance of disordered intergrowths 
or secondary phases such as the ZnAl2O4 spinel. According 
to these results, it can be concluded that a solid solution 
Zn7In2-xMxO10 (M=Ga, Al; 4a Aa9? has been stabilized.
Table I. Cell parameters a and c for Zn7In2-xMxO10 
(M=Ga, Al).
Ga3+ Al3+x value
a (Å) c (Å) a (Å) c (Å)
0.25 3.31(1) 73.42(3) 3.30(1) 73.38(3)
0.50 3.30(1) 73.27(3) 3.28(1) 73.11(3)
0.75 3.29(1) 72.99(5) 3.27(1) 72.79(6)
1.0 3.28(1) 72.71(6) 3.26(1) 72.47(6)
Figures 2a-d show the SAED patterns corresponding to 
Zn7In2O10, Zn7InGaO10 and Zn7InAlO10 along the [1 0] zone 1
axis, respectively. The reflection conditions are consistent 
with the space group R-3m. As mentioned above, Li et al 
reported7, 11-13 the existence of a structural modulation, 
which clearly manifests as satellite spots that become more 
intense for the higher members of the series. In Zn7In2O10, 
these sharp satellite spots are clearly visible (indicated with 
yellow arrows in Figure 2a and displayed in the enlarged 
Page 3 of 13






























































Page 4 of 13






























































Page 5 of 13






























































Page 6 of 13






























































Page 7 of 13






























































tend to present high Fermi levels, close to the conduction 
band minimum.38 According to their results, the formation 
energy of Zn vacancies (VZn) is the lowest of all acceptor 
defects at a high Fermi level, and their  transition energy 
level from neutral to singly ionized zinc vacancy (VxZn	VZn
) is at a distance from the conduction band that is closely 
matched to the energy of the second contribution.


















































ex. = 315 nm
RT
Z 7In2O10 (undoped)
Figure 8. (a) Normalized PL spectra of the undoped sample recorded with an excitation wavelength of 315 nm at different 
temperatures. (b) Normalized PL spectra obtained at 292 K (RT) at different excitation wavelengths in the range of 255 to 
365 nm. (c) Fitted PL spectrum recorded at RT and Xex=315 nm, showing both bands (blue and green dotted lines) along 
with their peak center values. Black dotted line corresponds to the sum of both contributions
At high Fermi levels, Zn vacancies tend to be completely 
ionized.36 Radiative transitions from singly ionized to 
doubly ionized Zn vacancies ( ) -centered at 1.74 VZn	VZn
eV- presented a decay lifetime below the resolution of our 
system (50 ns), indicating very fast dynamics for this band. 
Therefore, the likelihood of exciting both trapped 
electrons becomes vanishingly small at low temperature 
and no emission of the  transitions -centered at VxZn	VZn
2.15 eV- is observed (SI Figure SI9a-b). However, the 
increase of the temperature may activate non-radiative 
recombination paths to other centers from the conduction 
band, thus decreasing the rate at which electrons are 
replenished in the singly ionized Zn vacancies, and, 
consequently enhancing the relative intensity of the band 
centered ~ 2.15 eV (SI Figure SI9c-d). Similarly, if the 
excitation density is sufficiently high, electrons are 
continuously pumped from the VZn, increasing the chance 
of extracting the second electron after the first one has 
been excited. Zn vacancies are known to produce highly 
localized states in ZnO39 which usually present a high 
electron-phonon coupling.40 Emission centres with high 
electron-phonon couplings tend to show small 
temperature changes even at liquid He temperatures,41 
thus explaining the extreme stability of the lineshape of 
both bands even down to 4 K.
When the doped materials are investigated, we observed 
that doping causes a large increase in the overall 
luminescence intensity of one order of magnitude. Figure 
9 shows a comparison of the normalized PL spectra at low 
(4 K) and room temperature of the three different 
Zn7InMO10 samples (M=In, Ga, Al), recorded with an 
excitation wavelength of Xex=315 nm. At 4 K, a significant 
blue shift of the emission maxima is visible, with its 
maximum located at xm,4K(In)=1.75 eV, xm,4K(Ga)=1.79 eV 
and xm,4K(Al)=1.84 eV. However, at RT the shift of the 
emission maxima becomes almost negligible, and instead 
an asymmetric broadening at the high energy tail is 
observed for the doped oxides. This suggests the presence 
of at least two contributions to the spectra of the Al and Ga 
samples, the VZn band centered at xc,1 ~ 1.74 eV, and a 
second contribution at higher energy, which seems to be 
influenced by the M3+ cation. In order to confirm the 
presence of this second contribution, RT PL spectra at 
different excitation densities were obtained, confirming 
the presence of a second band at 2.25 and 2.29 eV for Ga 
and Al-doped samples, respectively (SI Figures SI7b-
c).This band can be related to transitions form neutral to 
singly ionized zinc vacancies ( ), as in the undoped VxZn	VZn
case. However, it alone cannot explain the low temperature 
behavior and spectra lineshape of the doped samples. Thus 
a third new band, characteristic only of the doped samples, 
has to be considered in order to fit the spectrum of both 
Ga and Al materials.
Page 8 of 13







































































































































Figure 9. Normalized PL spectra of the three Zn7InMO10 
samples (M = In, Ga, Al) recorded with an excitation 
wavelength of Xex = 315 nm at (a) 4 K and (b) RT.
Figure 10 shows the resulting fit of the PL emission of 
both doped samples recorded at different temperatures to 
three proposed components (which are summarized in 
Table IV). The third band is centered at 1.82 and 1.87 eV for 
the Ga and Al doped oxides, respectively. As can be 
observed, at low temperature the luminescence spectra are 
dominated by this new third component, overcoming the 
intensity of the VZn band. At room temperature, on the 
other hand, both the third component and the VZn band 
contribute significantly to the PL, especially in the case of 
the Al doped compound, causing the observed broadening. 
These data were confirmed with the evaluation of the PL 
response at different excitation wavelengths (SI Figure 
SI8). In this sense, the UD sample whose spectra is 
dominated by the VZn emission, shows an emission 
maximum at Xex ~ 265 nm at any temperature, while the 
Ga-doped sample shows an emission maximum at Xex ~ 350 
nm, irrespective of the temperature, for which the third 
band at 1.82 eV dominates at all temperatures. The Al-
doped sample, on the other hand, shows an emission 
maximum at Xex=330 nm only at low temperature, where 
the third band dominates. However, at room temperature, 
which presents a similar contribution from both the first 
and the third bands (at 1.74 and 1.87 eV, respectively), the 
emission maximum are at an intermediate wavelength 
Xex=295 nm. The huge decrease in relative intensity of the 
VZn band in favor to the third component at low 
temperature suggests the existence of a competitive 
process between both bands, especially in Al doped 
materials. The origin of the third component is still 
unclear, however, it seems closely related the different 
atomic arrangement/coordination environment of Ga and 
Al compared to the UD sample.
Table IV: Energy peak center of the three components 
identified in the PL spectra at 4 K for each of the Zn7InMO10 
samples, with M=In, Ga, Al, and their proposed origin.
1.5 2.0 2.51.5 2.0 2.5
ex. = 315 nm
Al (b)
Energy (eV)

































Figure 10. PL spectra of Zn7InGaO10 (a) and Zn7InAlO10 
(b) recorded at different temperatures from 4 K up to RT. 
Peak In3+ Ga3+ Al3+ Proposed 
origin
1 1.73 eV 1.74 eV 1.75 eV VZn	VZn
2 2.15 eV 2.22 eV 2.28 eV VxZn	VZn
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Fitting to the three proposed components is shown for 
each spectrum in black dash-dotted lines. 
The slight energy shift observed in the VZn energy levels 
could be explained in terms of the strain introduced by the 
different ionic radii of M3+. On one hand, In3+ at 
bipyramidal sites, has larger ionic radius than Zn2+, and 
therefore it should tend to expand the lattice when is 
incorporated to the wurtzite structure.33 However, Ga3+ has 
close ionic radius to Zn2+, while Al3+ presents lower ionic 
radius, all being at tetrahedral coordination. Therefore, the 
lattice should be almost undistorted or contracted, 
respectively, when these cations are present. This 
assumption is supported by the average metal-oxygen 
bonding distances obtained by DFT being 2.10 Å for InO5, 
1.96 Å for ZnO4, 1.89 Å for GaO4 and 1.83 Å for AlO4. On the 
other hand, the nearest neighboring ions surrounding a 
vacancy tend relax outwards as the charge state of the 
vacancy changes from neutral (q= 0), to singly (q= -1), and 
to doubly (q= -2) ionized, resulting in the expansion of the 
lattice.39,42 Therefore, the distortion originated by the 
cationic vacancies together with the one generated by the 
different M3+ ions, should modify the overall energy of the 
system.
For the UD sample, both, the effect of In3+ and vacancies 
contribute by expanding the lattice. This makes the 
ionized vacancies of the UD oxide less energetically 
preferred when compared to Al3+-doped samples, in which 
the contractive distortion could almost cancel the 
expansion created by the vacancy. In the case of Ga3+, the 
almost negligible lattice distortion makes the expansion of 
the vacancy the only contribution to tune of the vacancy 
energy level. Taking this into account, for the UD material, 
some of the energy released in the de-excitation process 
should be invested to increase the overall strain of the 
lattice, thus reducing the luminescence energy.37,42 
However, for Ga3+ and Al3+doped samples, with smaller and 
almost negligible expansion, respectively, on the global 
effect in the lattice-distortion, would result into an 
increase of the luminescence energy.
CONCLUSIONS
On the basis of these results, we have shown by 
combining local and bulk diffractometric and 
spectroscopic techniques, that the luminescent behavior of 
Zn7InMO10 (M=In, Ga, Al)) varies when the location and 
the oxygen coordination of the M3+ dopant changes, 
promoting microstructural variations in order to release 
the total energy of the structure of these semiconductor 
oxides as confirmed by DFT calculations. Despite the 
structural similarity between the different ZnkInMOk+3 
doped oxides, fundamental changes on the atomic 
arrangement take place upon substitution of In3+ atoms by 
Ga3+ or Al3+ with substantial modifications on their physical 
properties, as exemplified by the luminescence study 
reported here. DFT calculations have confirmed the 
preferential flat location of Ga3+ and Al3+ at the center of 
the wurtzite block, probing EDS mapping as a powerful 
and robust local technique for studying selective 
distribution of cations at the wurtzite-type lattice. Such 
information combined with XRD and NMR spectroscopy 
has provided a complete structural description of 
ZnkInMOk+3 semiconductors that would contribute to the 
better control of their response, not only related with light 
emission applications, but also with their different uses as 
transparent electrodes or thermoelectric materials.
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